The objective of the Biomarkers of Nutrition for Development (BOND) project is to provide state-of-the-art information and service with regard to selection, use, and interpretation of biomarkers of nutrient exposure, status, function, and effect.
Introduction
Iodine is an essential nutrient due to its role as a component of thyroid hormones and because it must be obtained via exogenous/dietary sources. Unlike most other essential dietary nutrients, iodine status is not linked to socioeconomic development but rather to geography. The iodine content of local foods is dependent on soil iodine content and therefore low iodine concentrations in soil and water will result in iodine-deficient plants and animals.
Although iodine (as iodide) is present in soils, the content may fluctuate widely within and across regions as a result of a number of factors (e.g., differences that occurred during geological formation, impact of glaciation, flooding, and soil erosion). In the ocean, iodide is converted into elemental iodine, a volatile form that is carried into the atmosphere as part of an ecological cycle, returning it to the land through rain and snow. However, this cycle is slow and inconsistent in its impact/ redistribution and is incapable of adequately replenishing soils and freshwater otherwise poor in iodine (1) . Consequently, humans dependent on food sources grown in iodine-deplete or -deficient areas become iodine deficient in the absence of any other source of the nutrient. In such areas, iodine can only enter the food supply through deliberate efforts such as the iodization of salt (2) . A summary of available sources of iodine is found in Table 1 .
Role in health and disease Iodine deficiency and related disorders. Among the roles of thyroid hormones in human health are the regulation of numerous physiologic processes, including growth, key aspects of neurologic development, and reproductive function. During the first trimester of pregnancy, maternal thyroid hormone crosses the placenta to serve as the primary source of this essential hormone to the fetus prior to the development of its own functional thyroid and may account for up to 20-40% of cord blood thyroid hormone at birth (32) .
Known and potential roles of thyroid hormones and iodine are listed in Table 2 . The numerous effects of iodine deficiency on growth and development are known collectively known as iodine deficiency disorders (IDDs) 16 ( Table 3) . Resulting fundamentally from a deficiency of thyroid hormone, the constellation of adverse effects associated with IDD represents some of the most important and common human diseases (35) .
Many regions most affected by iodine-depleted soils are also among the most heavily populated (Table 4) , resulting in a large at-risk population for deficiency. Before the introduction of salt iodization programs or other measures to correct iodine deficiency, cretinism was frequent and goiter affected up to 80% of children in severely deficient areas (38) and likely affected other population groups. The classical manifestation of iodine deficiency is an enlargement of the thyroid referred to as goiter. The sequence of events and clinical manifestations associated with goiter include d increased secretion of thyroid-stimulating hormone (TSH), representing an effort to maximize thyroid uptake of diminishing sources of iodine;
d thyroid hypertrophy and hyperplasia (34, 39) ; d development of diffuse, homogeneous thyroid enlargement in early stages and fusion of thyroid follicles, which become encapsulated, leading to a condition termed nodular goiter during later stages (35) ; and d physical problems created by large goiters, including obstruction of the trachea and esophagus and damage to the recurrent laryngeal nerves, which can lead to hoarseness; surgery to reduce goiter has substantial risks, including bleeding, nerve damage, and hypothyroidism consequent to removal of thyroid tissue (32) . In adults with mild-moderate iodine deficiency, an increased risk exists for diffuse goiter, nodular goiter, and accompanying hyperthyroidism, as well as the potential for secondary neurologic impairment (e.g., decreased work capacity, physical endurance, and cognitive ability) (40) . In iodine-deficient individuals, particularly children, thyroidal radioactive iodine uptake Iodine is naturally low in most foods and beverages. Generally, common food sources provide 3-80 mg/serving (3, 4) , but the content largely depends on the foodÕs origin and is usually insufficient to meet daily requirements.
d Iodine content is relatively high in most saltwater fish and seafood because of their ability to concentrate iodine from seawater. However, they do not contribute substantially to dietary iodine intake unless consumed regularly (5) (6) (7) . Iodine content in some seaweed is relatively high (8) , and the population consuming seaweed may obtain high iodine concentrations through their diet (9) (10) (11) . Sometimes, iodine can also be obtained through drinking water drawn from certain aquifers or water disinfected with iodine (9, 12, 13) .
d Iodine from household salt and milk consumption: Iodized salt used for cooking and at the table in households continues to be the major source of iodine in many countries around the world (5, 8, 9, 14) . According to label declarations, the iodine content in commercially available salt ranges from 15-80 mg iodine/kg salt (5, 9, (14) (15) (16) . In addition to iodized salt, milk and other dairy products are good sources of iodine (9) , especially in children, in countries such as the United States, Canada, and Switzerland (3, 5, 7, 17, 18) . Although naturally low, the iodine content in fortified winter cattle fodder and perhaps the iodine residues in milk from the disinfecting agents (iodophors) used in dairying contribute to dairy iodine (3, (19) (20) (21) (22) . Some countries such as the United Kingdom and Norway do not have regulation of iodized salt, and in those countries adventitious iodine in the milk is the main source (7, 9, 23) .
d Iodine in processed foods: The salt used in processed foods contributes to ;60-80% of total salt intake in industrialized countries (9, (24) (25) (26) . In a typical Western diet, processed foods such as bread, dairy products, and processed meats provide the main salt source, which may or may not be iodized (9, (27) (28) (29) . Although processing would entail boiling, baking, and canning of foods manufactured with iodated salt, it results in minimal loss (generally #10%) in iodine content (8, 30) .
d Iodine from dietary supplements: Based on data from the NHANES 1996-2006, 18.5% of nonpregnant and 22% of pregnant women in the United States used supplements that contain iodine; for adults, the median iodine intake from supplements was ;144 mg/d (8, 31) . after exposures from nuclear accidents is high, resulting in an increased risk of thyroid cancer, compared with iodine-sufficient individuals.
Iodine and child growth and development. Although goiter remains the cardinal sign of iodine deficiency, IDD in children has many other manifestations including subclinical hypothyroidism associated with a more atherogenic lipid profile that may be associated with increased cardiovascular disease risk (41, 42) . But the most serious consequences of iodine deficiency are associated with its impact on infant/child growth and development. Iodine status may influence growth through its effects on the thyroid axis. Putative mechanisms for the impact of iodine deficiency on growth have been suggested and may be associated with a decrease in insulin-like growth factor (IGF) 1 and IGF binding protein (IGFBP) 3 concentrations (43) . The role of iodine in growth and the prophylactic effect of iodine interventions have been well documented (44) . Iodine deficiency during pregnancy has substantial consequences, with the most severe outcome being cretinism and short stature. The characteristics of the 2 types of cretinism are listed in Table 5 . Additional adverse outcomes of severe iodine deficiency during pregnancy include increased risk of stillbirths, abortions, and congenital abnormalities (35) .
Globally, perhaps the most profound impact of iodine deficiency is its impact on neurologic development and related outcomes. Iodine deficiency is one of the most common causes of preventable mental retardation worldwide. Even in areas of mild-to-moderate iodine deficiency, cognitive impairment in school-age children is at least partially reversible by administration of iodine (49, 50) . A meta-analysis of 18 studies concluded that moderate-to-severe iodine deficiency is associated with reductions in mean intelligence quotient (IQ) scores of 13.5 points (51) . A more recent systematic review focusing on young children estimated that iodine deficiency in utero or during early childhood may reduce IQ scores by ;8 IQ points (N. Aburto, personal communication, 2014).
Among the functions of thyroid hormones for the developing nervous system are normal neuronal migration and myelination of the brain. Low concentrations of thyroid hormone during the fetal stage and early infancy are associated with irreversible brain damage, including mental retardation and neurologic abnormalities (33) . The key factors influencing the extent and magnitude of the neurologic complications are the timing and severity of the iodine deficiency and consequent thyroid hormone deficits. Subtle impairment of cognitive function is likely to occur even among offspring of pregnant women with mild or asymptomatic hypothyroidism (52, 53) .
Consequences of iodine excess. Iodine malnutrition includes not only insufficiency/deficiency but also excess. The putative mechanisms and causes by which iodine excess can affect thyroid function and effects have been described (54) (55) (56) (57) (58) and are highlighted in Table 6 .
Global efforts to address iodine malnutrition. In 1952, a WHO technical group recommended iodization of all ''food salt'' in iodine-deficient areas (60) . In the first global estimate of the prevalence of goiter, WHO estimated that 20-60% of the worldÕs population was at risk of IDD, with the highest risk in low-to middle-income countries (61) . Despite the recognition that many countries were affected by goiter, the serious health implications of this problem were not widely accepted. Consequently, little attention and limited resources were devoted to addressing iodine deficiency in public health programs or policies. During the period of 1970-1990, as a result of emerging evidence from controlled trials in areas with endemic iodine insufficiency, this trend began to change. Aside from the predicted outcomes of these intervention studies, several other important functional consequences were highlighted. One of the important emerging areas was the recognition that iodine interventions improved cognitive function and thus had a clear benefit from an economic/development perspective (40) . Iodine fortification also had ancillary benefits to humans because iodine fortification of salt for animal consumption improved the viability and quality of livestock. Iodine deficiency was thus shown to have social and economic consequences beyond the immediate benefits to human health. Table 7 provides an overview of some of the seminal events in recognition of iodine as an important medical and public health issue.
This changing view allowed iodine deficiency to be repositioned from a purely medical concern to one with a broader development perspective. The actualization of a global strategy was further aided by the coining of the more expansive term ''iodine deficiency disorder,'' rather than the traditional and limited reference to ''goiter.'' It was also noted that due to their relatively high biologic needs, pregnant women and young children are particularly susceptible. Consequently, the term ''iodine deficiency disorder'' more comprehensively covers those iodine-related conditions that affect almost 2 billion people worldwide (40, 64) .
The potential of low-cost interventions to affect the health and development of billions of individuals made programs to address IDD politically and morally attractive. The fact that a program that costs between $0.02 and $0.05 per capita can result in such huge benefits both in humanitarian and economic terms continues to be a compelling impetus for the global health community (65) .
By 1990, a handful of countries (United States, Australia, Canada, several Scandinavian countries, The Netherlands, and Switzerland) were considered to be iodine sufficient. Generally, salt is considered adequately iodized if iodine amounts are 15-40 mg/kg, which is based on the assumption that daily per capita intake of salt is in the range of 10 g. The key policy developments in a global effort to eliminate IDD are highlighted in Table 8 . The number of countries with effective salt iodization as a safe, cost-effective, and sustainable strategy to ensure sufficient intake of iodine has increased (35) to the point that ;70% of the world has access to adequately iodized salt (71, 72) .
Despite the local, regional, and global efforts to eradicate IDD, the prevalence remains high in many settings (Supplemental Fig. 1, Table 9 ), which provides an underpinning for why this continued monitoring is important and will set the stage for discussions on biomarkers. The following is an overview of the relevant features of iodine absorption, metabolism, and utilization.
Iodine Biology: Factors Affecting Iodine Digestion, Absorption, Metabolism, and Utilization
Absorption and metabolism
The absorption and metabolism of iodine has been well characterized and consists of the following key elements:
d To maintain the normal concentration of body iodine (10-20 mg of iodine, of which 70-80% is in the thyroid), humans require an exogenous source that may be provided in any of several chemical forms, each with unique absorptive or metabolic features: Iodine metabolism and homeostatic control Understanding of iodine absorption, metabolism, homeostasis, and thyroid function was previously reviewed (62) . For the purposes of this review, some essential components are highlighted in Table 10 and in Figures 1-3 . Even though we have learned much about the mechanisms and impact of iodine deficiency it should be noted that the presentation and severity of IDD (e.g., goiter, thyroid dysfunction) are extremely variable between and within populations even in endemic areas. Our ability to understand why this might be the case is limited by an incomplete appreciation of the dietary, environmental, and/or genetic factors that might contribute to this variability. The following sections describe some factors that might contribute to this variability.
Dietary considerations
Dietary inhibitors of iodine metabolism: goitrogens. A number of dietary factors have been identified that negatively affect thyroid metabolism. These substances are collectively referred to as ''goitrogens'' and seem to exert their deleterious effects primarily via an exacerbation of iodine deficiency through several mechanisms (81) (82) (83) (Table 11 ). More than 100 additional naturally occurring and synthetic substances were reported to affect thyroid function or thyroid hormone metabolism, but most of these have not yet been well characterized in human studies (84) .
Population groups that may be particularly vulnerable to exposure to goitrogens are infants and young children. Examples of substances of concern include perchlorate, which was shown to interfere with iodine transport into the thyroid (85, 86) . Another group of suspected substances are flavonoids commonly found in soy and millet. Although the consumption of soy-based foods does not appear to present a problem for adults, without the addition of iodine it can pose a risk to infants consuming soybased formulas (87) .
Nutrient-nutrient interactions. Although iodine clearly plays a unique role in human health, like most nutrients it is also the case that interactions can occur that affect absorption, metabolism, and function. In the case of iodine, examples of these interactions are outlined in Table 11 . The following provides some additional detail with regard to specific nutrients: s in goitrous children, iron deficiency anemia negatively affects the efficacy of interventions to prevent iodine deficiency. s Iron supplementation improves the efficacy of iodized oil and iodized salt (89) . s Iron deficiency anemia during pregnancy can result in both higher TSH and lower T4 concentrations (90).
Requirements and Tolerable Upper Intake Levels
Iodine requirements by age and life stage are shown in Table 12 .
The definitions of key categories and their use, according to the s Increased plasma iodine clearance by the thyroid; in otherwise healthy individuals, iodine intake below ;100 mg/d results in increased TSH secretion resulting in increasing plasma inorganic iodide clearance by the thyroid through stimulation of NIS expression (8) s The increased iodine clearance by the thyroid leads to a progressive reduction in renal iodide excretion s TSH also stimulates breakdown of thyroglobulin and preferential synthesis and release of T3 into the blood d The profile of thyroid hormones in iodine deficiency is: s In areas of moderate-to-severe iodine deficiency, children will have a variably elevated TSH, a low serum T4, and a normal or high-normal T3
s A similar pattern is seen in adults, but less predictably, and it may not be present s In conditions of low iodine intake, serum thyroglobulin concentration is typically elevated s Thyroid failure and cretinism usually develop only in regions of chronic, severe iodine deficiency accompanied by low circulating T4 and T3 and dramatically elevated TSH (80) 1 DIT, diiodotyrosine; MIT, monoiodotyrosine; NIS, sodium/iodide symporter; T3, triiodothyronine; T4, thyroxine; TPO, thyroperoxidase; TSH, thyroid-stimulating hormone.
FIGURE 1
Iodine pathway in the thyroid cell. Iodide (I 2 ) is transported into the thyrocyte by NIS at the basal membrane and migrates to the apical membrane. I 2 is oxidized by the enzymes TPO and H 2 O 2 and attached to tyrosyl residues in thyroglobulin to produce the hormone precursors MIT and DIT. The residues then couple to form T4 and T3 within the thyroglobulin molecule in the follicular lumen. Thyroglobulin enters the cell by endocytosis and is digested. T4 and T3 are released into the circulation, and nonhormonal iodine on MIT and DIT is recycled within the thyrocyte. Adapted from reference 79 with permission. DIT, diiodotyrosine; H 2 O 2 , hydrogen peroxidase; MIT, monoiodotyrosine; NIS, sodium/iodide symporter; TPO, thyroperoxidase; T3, triiodothyronine; T4, thyroxine. U.S. Institute of Medicine (IOM) in the derivation of the current dietary recommendations, are discussed below. These definitions, and in particular their use, will set the stage for the following sections on specific biomarkers and their relative utility for clinical and population assessments.
Estimated Average Requirement (EAR): The daily nutrient intake that meets the requirement of half of the healthy individuals in a particular life-stage (age/gender) group. Use: This category is not used for individual assessment but can be used for population/group analyses.
RDA: The average daily intake sufficient to meet the nutrient requirement of 97-98% of healthy individuals in a life-stage (age/gender) group. Use: It can be used as a reference point or goal for the daily nutrient intake of individuals.
Adequate Intake (AI): A recommended average daily intake amount based on observed or experimentally determined estimates of nutrient intake by a (gender/age) group (or groups) of apparently healthy people presumed to have adequate intakes. Use: The AI is derived when there are insufficient data to generate an RDA. Because the AI is intended to define the amount of a nutrient needed in ''essentially all'' individuals in a target group, it can be used as a goal for individual intake. For iodine, there is an AI for infants based on observed mean intakes by healthy full-term breast-fed infants in iodine-sufficient areas.
Tolerable Upper Intake Level (UL): The highest average daily nutrient intake that poses no risk of adverse health effects to almost all individuals in an otherwise healthy population (88) . The UL for iodine is listed in Table 13 . Use: The UL is used as a reference for safety. For iodine, metabolic adaptations to chronic deficiency may result in adverse responses to intakes lower than the UL.
In addition to the IOM terminology, the joint FAO/WHO committee published several definitions derived in a consultation conducted in 2001 (92) . Several of the terms used are similar to those used by the IOM (e.g., UL), but some, although essentially representing the same concepts, are different in name [e.g., Recommended Nutrient Intake (RNI)]. FAO/WHO defines the RNI as ''the intake estimated to cover the needs of Ônearly allÕ healthy individuals in a specific age/gender group.'' The RNI for iodine is included in Table 12 .
Currently Available Biomarkers
Overview Table 14 summarizes the currently available biomarkers of iodine and provides an overview of the utility for the different purposes and user groups (i.e., research, clinical, program, policy) and includes a rating system for the usefulness of each indicator for a specific use.
Biomarker-specific issues
This section is an overview of the conclusions of the Iodine Expert Panel (I-EP) with regard to those iodine biomarkers that are ready for wide application across different user groups FIGURE 3 The physiologic stages of iodine status. The graph shows a simplified model of human iodine and thyroid status at different stages (left to right) of iodine intake: sufficient iodine intake, low iodine intake without thyroid dysfunction, and finally, low iodine intake with hypothyroidism. The 3 stages are separated by vertical dashed bars. The scientific evidence is limited with regard to the absolute levels of habitual daily iodine intake at which thyroid stores decrease and thyroid dysfunction occurs; this likely varies strongly among individuals. Reproduced from reference 9 with permission. TSH, thyroid-stimulating hormone. Perchlorate, nitrate Competitive inhibitors of the sodium/iodide symporter; they act by decreasing transportation of iodine to the thyroid Others (e.g., disulfides from coal processes)
Reduce thyroidal iodine uptake Smoking One of the important goitrogens; during breastfeeding, smoking is known to be linked to reduced iodine content in the breast milk; the mechanism behind this is that in smoking women, the higher serum concentrations of thiocyanate compete with iodine for active transport into the secretory epithelium of the lactating breast (35) Nutrients Selenium deficiency Accumulated peroxides due to selenium deficiency may damage the thyroid, and deiodinase deficiency may impair the synthesis of thyroid hormone Iron deficiency
The activity of heme-dependent TPO is reduced and the efficacy of iodine prophylaxis may be compromised Vitamin A deficiency Due to the deficiency there is a decrease in vitamin A-mediated suppression of the pituitary TSHb gene and an associated increase in TSH stimulation and goiter targeted by the Biomarkers of Nutrition for Development (BOND) program. For each of the priority biomarkers selected, the I-EP provided responses to a specific set of issues derived from an outline developed by the BOND Secretariat. This approach was used by each of the nutrient-specific BOND expert panels. The outline can be found in Supplemental Table 1 and on Tier 1 of the BOND Web site (93) . The aim of this approach was to d provide a common format for the work of all BOND nutrient expert panels, and d address core issues that might be important to the range of user groups to be served by the BOND. On the basis of the evaluation system presented in Table 14 Table 2 . The following sections provide some general information about these biomarkers as well as some additional considerations with regard to specific exposure-related aspects of iodine assessment.
In addition to the consideration of the priority biomarkers, the I-EP concluded that a summary of issues pertaining to iodine exposure methodologies was an essential precursor to the discussion of iodine nutrition. Consequently, the following The usefulness assessment uses the following grading system: 0, not useful for the specific purpose; +, useful to some extent and in certain population groups but either not commonly used or has important disadvantages (e.g., no reference values); ++, useful in certain population groups, often used with some limitations (e.g., lack of specificity or sensitivity); +++, useful, often used in relevant population groups; no or only minor limitations.
sections provide overviews of several issues pertaining to iodine exposure including household coverage of (adequately) iodized salt and dietary assessment of iodine intake. As opposed to the presentation of the priority biomarkers found in Supplemental Table 2 , the discussion of exposure is presented in text because neither household surveillance nor dietary assessment are biomarkers per se but rather proxies and thus answer a slightly different set of questions.
Household coverage of (adequately) iodized salt Iodine in salt used in households. The importance of salt iodization was codified in 1994 by the Joint UNICEF/WHO Committee on Health Policy (94), which outlined policy for salt iodization intended for all types of salt destined for human and animal consumption, including salt used in the food industry. Momentum for universal salt iodization programs grew substantially throughout the 1990s, and by 2007 salt iodization strategies had been enacted in at least 120 countries (95). Rapid and inexpensive field kits that visibly detect iodine in salt have been widely used to measure the presence of iodized salt in households throughout the world. This has helped to document the progress of universal salt iodization strategies.
Measuring the iodine concentration in household salt.
Household iodized salt coverage is the most feasible process indicator for assessing the reach of salt iodization strategies across countries and is commonly used as the key indicator of progress of salt iodization strategies over time. Figure 4 shows the global map with percentages of household consuming iodized salt. The success of delivering iodized salt to households is assessed either by the proportion of households using salt with any iodine concentration or, preferably, those using adequately iodized salt, i.e., salt containing at least 15 mg/kg of iodine. According to the WHO, the salt iodine content should be in the range of 15 to 40 mg/kg; however, in large national surveys the upper end of this range is rarely applied for practical reasons. The accepted standard threshold defining a successful iodization program is coverage of $90% of households using adequately iodized salt (64) . To generate data on the adequacy of iodine in salt, it is necessary to use quantitative tools. An additional benefit derived from quantitative data on the iodine content in household salt is the ability to generate a distribution curve of the iodine content in household salt to compare the relative value of different iodine cutoff points (66) . Moreover, because neither the coverage nor the median iodine value gives an indication of the existence or extent of excessively iodized salt in the households, the distribution curve provides important additional information in this regard.
Quantitative vs. qualitative measurements at the household level. Ideally, national iodine strategy planning, surveillance, and decision making rely on quantitative data on salt iodine contents. Quantitative data also facilitate accurate tracking of the progress of the salt iodine content as well as coverage of adequately iodized household salt over time. Currently, rapid test kits are the most prominent tool used in national surveys to estimate the proportion of households using iodized salt. By implication, this estimate also provides the proportion of households not using iodized salt, which can provide useful information for planning corrective action. There are, however, certain limitations to the use of rapid test kits (F. van der Haar, R. Houston, A. Timmer, K. Codling, J. Gorstein, unpublished results, 2009) (66) . Paramount among these is an inability to accurately identify salt iodized at <15 mg/kg of iodine, and in particular salt containing <10 mg/kg of iodine. In addition, the rapid test kits cannot identify overiodized salt at concentrations that may exceed 80-100 mg/kg (see ''Household coverage of iodized salt'' section). In light of these limitations, the use of the rapid test kits should be viewed as more of a qualitative test rather than a semiquantitative or even quantitative test. 
equivalent method, at least 10 g (2 teaspoons) are required. Using <10 g of salt for the titration analysis may lead to dubious results, particularly in the case of coarse salt and salt containing impurities. For repeat or duplicate analyses, at least 20 g of salt is required.
In many demographic and health surveys, multiple indicator cluster surveys, or similar population surveys, household salt iodine content is analyzed by using rapid test kits. However, in some recent large-scale surveys [e.g., the 2010 Tanzania Demographic and Health Survey (96)], household salt was sampled and brought to a central laboratory for quantitative measurements of iodine content. In terms of statistical sampling methods, the probability proportional to population size, a cluster sampling method, has been reliably applied to household salt sampling as part of national or subnational surveys in communities or in schools. Other sampling methods, such as a representative sample weighted for population density in different geographical areas, will also work (97).
Analytical capacity. As outlined in the ''Quantitative vs. qualitative measurements at the household level'' section, accurate and reliable quantitative analysis of salt iodine content (i.e., by means of the titration method) requires suitably equipped public or private laboratories. Many countries have central as well as regional analytical laboratories for this purpose. As is further elaborated in the ''Household coverage of iodized salt'' section, it is critical that the laboratory or the network of laboratories provides reliable data from continuous quality assessments of the results obtained with their salt iodine measurements.
Relation between coverage of iodized salt and iodine deficiency and IDD. The coverage of households with (adequately) iodized salt is a population indicator reflecting the iodine intake above the customary iodine consumption from common foods and water. In countries where the salt iodization regulation also mandates the iodization of salt used in the food industry, any foods manufactured with iodized salt also add to the dietary iodine supply. This situation is especially relevant for assessments in wealthier households and in urban areas in developing countries.
UIC is the prime indicator of iodine status in a population and is used in conjunction with analyses reflecting salt iodization to assess the nature, timeliness, and extent of the relation of household coverage with the populationÕs iodine status. It has been well documented that when iodized salt is introduced in the markets, the distribution of UIC levels in initially deficient populations rapidly shifts to the right (98) . Irrespective of whether the coverage of households is expressed as any iodized salt or as adequately iodized salt, the nature of the response in a populationÕs UIC distribution to increases in household coverage is consistent over time and with the salt iodine intake. Several factors influence the pace by which salt iodization programs influence household/population iodine status (Table 15) .
Dietary assessment of iodine intake
Variability of iodine intake. Although assessment of salt iodization (104) (105) (106) can serve as a useful proxy for iodine exposure under defined circumstances and despite its relative ease of implementation [see ''Household coverage of (adequately) iodized salt'' section], the quantification of iodine content in table salt may not be sufficient in assessing iodine exposure in certain contexts. In part, this challenge is due to settings where there is a shift to consumption of fewer homeprepared foods. Such shifts will necessitate a greater need to assess overall dietary iodine intake.
As summarized in Table 1 , the natural iodine content of food sources differs considerably, which contributes to the fluctuations in daily iodine intake of individuals (107, 108) . The iodine exposure scenarios vary greatly due to not only differences in inherent content of food (3, 19, 23, 109, 110) but also to factors such as seasonality of food intake patterns (20, 110) , sources, and iodine content of milk (23, 110) . Food processing is another critical factor affecting iodine exposure (e.g., choice of processed food made with iodized salt, discretionary use of iodized salt in cooking or at the table).
Methods used to assess dietary iodine intake. The goal of dietary iodine assessment is to quantify the relative contribution of habitual intake from iodine-containing foods in terms of amounts and frequency (111, 112) . The primary tools to accomplish this include FFQs (105, 113, 114) , food diaries or 24-h recalls (115), or weighted food records (5). The relative strengths and weaknesses of the dietary assessment methods and other biomarkers identified by the I-EP are listed in Table 16 . As is true across the field of dietary assessment, the assessment tools used to measure iodine exposure are imprecise (104-106).
Food composition tables. All dietary assessment methods require accurate information on the iodine content of foods. A number of constraints exist that impinge on the accurate analysis and documentation of iodine content of foods, including the following:
d Methodologies: The most reliable method for measuring the iodine content of food is inductively coupled plasma MS (3). The major limitation to this method is that it is only available to a relatively limited number of laboratories worldwide. d The quality of food iodine content data found in food composition tables is contingent on s the method used to assess the iodine content (i.e., is it up-to-date and valid and reliable?); s whether the natural variability in iodine content was taken into account; s whether the source and nature of salt used in processed foods included in composition tables were accounted for in the analyses (i.e., tables generally contain information on the salt content of foods but rarely specify if the salt is iodized or not; commercial producers often fail to declare this information); and s the generalizability of certain databases (processed food even from the same manufacturer or the same brand often contains different amounts/types of salt in different settings/countries, limiting the generalizability of certain databases). RTKs are qualitative not quantitative; they can detect the presence of iodine in a salt sample but cannot accurately quantify the amount. Thus, salt that is not adequately iodized will test positive but will not deliver the appropriate amount of iodine to populations. In some areas, other sources of iodine (e.g., iodine-rich groundwater) can contribute large amounts of ingested iodine, and iodine intakes may be excessive in a local population, but household iodized salt coverage data do not reflect this. The qualitative testing of household salt samples is usually done with simple RTKs.
Assesses the penetration and coverage of a population by iodized salt. In low-resource settings, household coverage with iodized salt may be the only affordable indicator of iodine nutrition in a population.
Although titration is accurate and requires only basic equipment, it is time-consuming and requires some training. Simpler alternatives, such as the WYD checker, the I-Reader, or the iCheck, are accurate and less demanding.
Titration is recommended for determination of iodine in salt at points of the salt distribution system (import points, manufacturers) at which accurate results are required.
An alternative to titration is to use a portable spectrophotometer, such as the WYD checker, I-Reader, or iCheck device, to back up RTK results, but they are a little more expensive than titration.
An adequate iodine amount in household salt is defined as salt containing 15-40 mg/kg of iodine, although often .15 mg/kg is used.
Dietary assessment For dietary assessment of iodine intake, the 3 major instruments are the FFQ, food diaries, or 24-h food intake recall and weighed food records. FFQs assess the frequency and portion sizes of iodine-containing foods and/or food groups consumed over a predefined time frame, usually 1 y. The FFQ method captures iodine-rich sources that are irregularly consumed and accounts, to some extent, for day-to-day variation in the overall consumption patterns. Food diaries or 24-h recalls measure short-term intakes. To capture the day-to-day variation in dietary iodine intake, at least 10 repeated assessment days and/or a large sample size is needed, as shown for 24-h UIC collections. Research in small groups should use duplicate portion approaches.
Provides a broader picture beyond the household salt iodine content. In particular, intake of iodine from other sources such as processed foods is captured through this. Dietary assessment methods do not accurately quantify thè`u sual ` `iodine intake, but dietary data can be used to identify the most important food sources of iodine. This information is useful to design or adapt iodine intervention strategies.
Time-consuming to collect data, because it is difficult to identify all other potential sources of iodine. There are only a few food composition databases containing information on iodine-rich foods; additionally, due to wide variations in iodine content in the same food grown in different areas, iodine content of specific foods may need to be reanalyzed. Although an FFQ may include questions on discretionary salt added at the table or in cooking, it is difficult to accurately quantify the total amount of iodized salt consumed. Therefore, the FFQ method is not a reliable quantitative method for assessing the total iodine intake. Dietary recall is often inaccurate with regard to salt intake and generally underestimates salt consumption. The lack of accuracy in measuring iodine intake from iodized salt is thus a major limitation of dietary assessment. Food iodine content can be accurately measured only by using advanced methods, such as ICP-
MS. The quality of iodine data in food composition tables is often poor and depends on whether the food iodine analysis is up-to-date and to what extent natural variability in iodine content is taken into account. Food composition databases generally contain information on the salt content of foods, but they rarely specify if the salt used in processed foods is iodized or not.
In most cases, no comprehensive and locally adapted food composition databases are available; analysis of iodine content in food matrices may require sophisticated methods, such as ICP-MS.
(Continued) TSH is a sensitive indicator of iodine status in the newborn period. Neonatal TSH screening is an existing universal practice in most industrialized countries. The results have been used to assess the risk of iodine deficiency in the mothers when they were pregnant. In older children and adults, although serum TSH may be slightly increased by iodine deficiency, the values often remain within the normal range. TSH is therefore a relatively insensitive indicator of iodine nutrition in school-aged children and adults.
Relatively sophisticated equipment required to quantitatively measure TSH. Can be measured from a DBS.
Thyroglobulin
In areas of iodine deficiency and endemic goiter, serum thyroglobulin increases due to greater thyroid cell mass and TSH stimulation.
Serum thyroglobulin is well correlated with the severity of iodine deficiency as measured by UI. Intervention studies examining the potential of thyroglobulin as an indicator of response to iodized oil and potassium iodide have shown that thyroglobulin falls rapidly with iodine repletion and that thyroglobulin is a more sensitive indicator of iodine repletion than TSH or T4. The need for concurrent measurement of antithyroglobulin antibodies to avoid potential underestimation of thyroglobulin is uncertain; it is unclear how prevalent antithyroglobulin antibodies are in iodine deficiency, or whether they are precipitated by iodine prophylaxis. A limitation is large interassay variability and poor reproducibility, even with the use of standardization. There are no cutoffs for thyroglobulin to distinguish severity of iodine deficiency.
A new assay for thyroglobulin has been developed for DBSs taken by a finger prick, simplifying collection and transport. An international reference range and a reference standard for DBS-thyroglobulin in iodine-sufficient schoolchildren (4-40 mg/L) is available.
T3/T4
In iodine-deficient populations, serum T3 increases or remains unchanged, and serum T4 usually decreases.
T3/T4 concentrations are a direct reflection of thyroid function.
Except in areas of severe iodine deficiency, thyroid hormone concentrations are poor indicators of iodine status.
Changes in T3/T4 are often within the normal range, and the overlap with iodine-sufficient populations is large enough to make thyroid hormone concentrations an insensitive measure of iodine nutrition.
Widely accepted population cutoffs are established.
Goiter Two methods are available for measuring goiter: neck inspection and palpation and thyroid ultrasonography. Inspection and palpation for goiter is simple and quick. To assess goiter in field studies, children and adults are examined with the examiner sitting or standing directly in front of the individual, palpating the base of the neck with both thumbs simultaneously. The normal thyroid should not be visible with the neck in the normal position.
Thyroid ultrasound is noninvasive, quickly done (2-3 min per individual), and feasible even in remote areas using portable equipment. Reference ranges for thyroid volume by ultrasound are available for school-aged children.
Palpation of goiter in areas of mild iodine deficiency has poor sensitivity and specificity; in such areas, measurement of Tvol by ultrasound is preferable. Thyroid ultrasound is somewhat subjective and requires judgment and experience. Differences in technique can produce large interobserver errors in Tvol. The WHO recommends that the total goiter rate be used to define severity of iodine deficiency in populations by using the following criteria: ,5%, iodine sufficiency; 5.0-19.9%, mild deficiency; 20.0-29.9%, moderate deficiency; and .30%, severe deficiency. In the classification system of the WHO, grade 0 is defined as a thyroid that is not palpable or visible, grade 1 is a goiter that is palpable but not visible when the neck is in the normal position (i.e., the thyroid is not visibly enlarged), and grade 2 goiter is a thyroid that is clearly visible when the neck is in a normal position.
In summary, dietary assessment of iodine intake to determine ''usual'' intakes is challenged by all of the factors above, as well as the large day-to-day variation in individual intake. That said, assessment of dietary data can be used to determine the primary sources of iodine, which can then be used to design or adapt iodine intervention strategies. In addition, simulation models can be used to anticipate the effects of changes in the food supply, precipitated by events such as iodine fortification, the impact of reduced salt intake as part of a public health intervention to prevent hypertension, and changes in food vehicles used for iodine fortification (14, (116) (117) (118) .
Estimating iodine intake in populations using UIC. The assessment of iodine intake at a population level was recently reviewed (9) . The current consensus is that UIC is a reliable biomarker of recent iodine intake in populations at all amounts of chronic iodine intake. Some key characteristics of UIC include the following:
d For individuals in positive iodine balance, >90% of ingested iodine is excreted in the urine (35) . d Compared with dietary assessment or assessment of household salt consumption, UIC more accurately represents the total iodine intake from all dietary sources. d Because the concentration of iodine in urine depends on the urine volume, daily iodine intake can be estimated from spot UIC by calculating the daily urinary iodine excretion from the creatinine concentration. In an attempt to simplify the calculation of daily iodine intake, the IOM proposed the following equation (31):
With regard to this equation, it should be noted that d the value 0.92 refers to 92% bioavailability and 0.0009 L Á h 21 Á kg 21 refers to excreted urine volume based on studies in (pre-) adolescent girls; d although body weight is poorly correlated with urine volume in adults, the factor of 0.0009 L Á h 21 Á kg 21 is accepted as a good approximation considering an average 24-h urine volume of 1.5 L/d in adults (119) ; and d by using this equation, the estimated dietary intake for a population of women with a mean UIC of 120 mg/L and an average body weight of 64 kg would be 180 mg/d (120). The following sections briefly describe the iodine biomarkers identified by the I-EP as most suitable for broad use. Additional details on each may be found in Supplemental Table 2 .
UIC
As discussed above, UIC has been extensively used to assess iodine status of populations, most often through measurement in school-aged children. Because of high diurnal and interday variation in individuals, the use of UIC as a marker for assessing individual status is limited, particularly in the absence of accurate assessment of intake; these variations level out when used in large population samples (27) .
UIC can be expressed in several different (and not interchangeable) formats, such as d 24-h excretion (mg/d); d concentration (mg/L); or d in relation to creatinine excretion (mg iodine/g creatinine). UIC is usually measured in spot urine collections, which is advantageous in that it overcomes the challenges of 24-h urine collections particularly in field settings. In otherwise healthy, well-nourished adults, daily creatinine excretion is fairly constant at ;1 g, so expressing the UIC from spot samples in adults as mg iodine/g creatinine represents a reasonable approximation of a 24-h collection. One important caveat is that it may not work in individuals with protein/calorie malnutrition because the daily creatinine would be more variable and often lower than normal ranges, thereby resulting in increased variability and decreased precision of UIC assessments (64) . Overall, the current practice is to report UIC as a concentration (mg/L), expressed as the median, from spot samples in the target population. TSH TSH is secreted by the anterior pituitary gland and regulates thyroid hormone synthesis and secretion. TSH is the principal screening test for thyroid dysfunction. Serum TSH concentrations are increased when thyroid hormone concentrations are low (hypothyroidism) and decreased when thyroid hormone concentrations are high (hyperthyroidism or thyrotoxicosis).
T4 and T3
T4 and T3 are the hormones secreted by the thyroid gland. T3 is the active hormone; T4 is converted to T3 in peripheral tissues by deiodinases, which remove an outer ring iodine from the T4 molecule. More than 99% of the T4 and T3 circulating in the blood is bound to proteins. However, it is only the small amount of free (unbound) thyroid hormone that is bioactive. Total thyroid hormone concentrations can be easily measured. Free T4 and T3 concentrations are present in the blood at such low amounts that they cannot be readily measured. However, the amount of free T4 and T3 in the blood can be estimated on the basis of total thyroid hormone concentrations and measures of thyroid hormone binding. As thyroid function diminishes, serum TSH concentrations begin to increase. The presentation with elevated TSH concentrations and normal T4 and T3 concentrations is termed subclinical hypothyroidism. As hypothyroidism progresses, serum T4 concentrations decrease, and the combination of elevated TSH and low T4 concentrations is termed overt hypothyroidism. Serum total and free T3 concentrations may not decrease until disease is far advanced, because increased TSH concentrations stimulate T3 release from the thyroid.
Thyroglobulin
Thyroglobulin is the scaffold protein within which T3 and T4 are synthesized, and small amounts may be secreted into the blood along with T4 and T3 secretion. Clinically, serum thyroglobulin is used most frequently as a tumor marker for differentiated thyroid carcinoma. A recent development in the measurement of thyroglobulin is the application of dried blood spot (DBS) technology to categorize iodine status of populations of school-aged children (64, 121) Goiter Traditionally, the diagnosis of goiter is made when palpationrevealed thyroid lobes are bigger than the terminal phalanx of the patientÕs thumbs. A grading system (grades 0, 1, and 2) is now recommended (64) . Thyroid palpation in areas of mild IDD lacks specificity and sensitivity, necessitating the use of ultrasound to improve diagnostic precision. The advent of improved (both in terms of portability and resolution) instrumentation has facilitated the use of ultrasound even in remote and resourcelimited areas. In experienced hands, this new technology allows a rapid and accurate analysis. The major drawback of this approach is expense, the need for experienced/well-trained technicians, and a high-level of inter-rater variability in its application and interpretation (9) .
Although iodine deficiency is the primary cause of goiter, sometimes it is the result of a combination of low intake with high goitrogen intake ( Table 11) . As outlined in Figure 3 , when dietary iodine intake is inadequate for thyroid hormone synthesis, serum T4 decreases and the pituitary gland reacts by releasing more TSH. The latter stimulates the growth and metabolic activity of thyroid follicular cells, leading to enlargement of the thyroid gland. Thus, goiter begins as an adaptive process to low iodine intake. Initially, goiter is diffuse, but in many individuals it eventually becomes nodular. Although most children with diffuse goiter will respond well to iodine treatment, nodular goiter may be more intractable in its response to iodine interventions (9).
Assay-Specific Queries
This section contains a more detailed discussion of analytical aspects of the priority biomarkers outlined in the ''Biomarkerspecific issues'' section and is organized in a similar fashion. Specific technical issues pertaining to the priority biomarkers selected by the I-EP may be found in Supplemental Table 2 .
Household coverage of iodized salt
The details and motivation for regulation of salt iodization programs were outlined in the ''Biomarker-specific issues'' section. The analytic requirements for monitoring and evaluating salt iodization programs and related policies might include information on the iodine content of retail and household salt content (122) . Because the mandated iodization levels are generally stated in quantitative terms, the quality assurance and quality control protocols for safeguarding the iodized salt supplies should be based on a quantitative analytical method, the most frequently used and recommended being iodometric titration (64, 122) .
Quantitative determination of iodine helps to identify successful elements of an iodization strategy, as well as factors that may weaken the supply of adequately iodized salt, some of which are mentioned in Table 17 . Another advantage of quantitative measurement of the iodine in salt is the availability of a complete distribution curve along with enhanced ability to calculate the coverage of percentage of households using iodized salt (>0 mg/kg iodine), adequately iodized salt (>15 mg/kg iodine), and the percentage of households with excessively iodized salt (66) .
As reviewed in the ''Household coverage of (adequately) iodized salt'' section, rapid test kits are often used to estimate the percentage of households using iodized salt. Although these rapid test kits perform with sufficient accuracy in distinguishing between iodized and noniodized salt they lack the capacity to quantify iodine concentrations and lack precision to detect concentrations below or above 15 mg/kg (123) (124) (125) . Consequently, the value of these kits is limited to their ability to determine whether or not salt is iodized, which is useful for education and advocacy but not for surveillance of salt iodine content/exposure.
Analytical methods for iodine in salt Titration method. The titration method for potassium iodate was first reported in 1979 and was subsequently modified (122, (126) (127) (128) (129) . Although well accepted, standardized, and relatively easy to implement, this method does require specific training to ensure consistent results. The method includes the following features:
d The process begins with the preparation of reagents followed by 2 analytical steps:
s liberation of free iodine from the salt, and s titration of free iodine with thiosulfate using starch as an indicator. d The results are expressed as milligrams of iodine per kilogram of salt (mg/kg) or the equivalent parts of iodine per million parts of salt (mg/kg). d For salt iodized with potassium iodide, in addition to the steps described above, before the analytical titration step, the analysis must be s initiated with a step using bromine water to oxidize the iodide anions to free iodine, followed by s the neutralization of excess bromine by sodium sulfite (122, 127) . d Quality assurance of the titration method is critical to ensure consistent results, especially when the method is performed by inexperienced technicians WYD iodine checker. Using a colorimetric methodology, the WYD iodine checker (Salt Research Institute of China National Salt Industry Corporation) is a single-wavelength spectrophotometer designed to measure the iodine concentration in salt (130) . The method is based on the concept that iodine can be liberated from iodized salt under acidic conditions. The resultant color reaction that occurs in the presence of excess potassium iodide and starch, as an external color indicator, is directly proportional to the iodine content of the salt. The method detects iodine at a range of 10 to 90 mg/kg. Some of the core characteristics of the WYD iodine checker include the following: 1) the assay is specific for salt fortified with iodate, 2) sample extraction should start with 10 g of wellmixed salt to ensure homogeneity of the salt particle size, 3) the sample used for the analysis should be 1 g, and 4) as with the titration methods and with the exception of assessment of total iodine (129) , salt fortified with potassium iodide needs to be oxidized by bromine water and neutralized with sodium formate before the colorimetric assay.
The WYD iodine checker offers the following advantages: d portability; d rapid testing, allowing an ''on the spot" result; d the results compare well with the titration method (131); and d unlike the titration methods, this method does not require a laboratory. The WYD device can be used by anyone after minimal training unlike the titration method for which trained laboratory personnel are required to conduct the analysis. The device performs well in the concentration range of 10 to 90 mg/kg, which encompasses the usual range of salt iodine standards. Characteristics of newer methods similar to the WYD device that have emerged on the market are described in Table 18 .
Potentiometric method. The details of this method were previously described (134, 135) . In brief, the efficiency of measuring iodine in salt fortified with iodate was documented as 99.7% with a CV of 1.56 at an iodine concentration of 20 mg/kg and 0.31 at a concentration of 50 mg/kg (136) . As with the previous methods described above, this method can also be adapted for salt using iodide. Although offering many advantages, due to its high cost and the need for technical capacity particularly with regard to maintenance of the equipment, this method has not been widely used in public health laboratories.
Rapid test kits. While commonly used, the available rapid test kits, although fairly effective at distinguishing between iodized and noniodized salt, are unreliable for the assessment of the iodine content above the zero point (123) (124) (125) . Using a colorimetric method, these kits are used as a qualitative reflection of household iodized salt coverage. The primary advantages of these kits are their simplicity and the rapid results generated, making them particularly attractive for use in large-scale household surveys. However, it has been suggested that the results be corroborated whenever possible with a titration assay, minimally in a subsample of households with the survey (64, 125) .
Quality control and quality assurance. Currently, no international quality assurance support programs exist for methods to assess the iodine content of salt. One suggested approach is the application of certification process used by the International Organization for Standardization (137) . Some examples exist for laboratory networks within countries (e.g., Bulgaria and Romania) where salt iodine assessments occur but within the larger context of nationally certified laboratories that function as a component of public safety and hygiene more broadly defined for the performance of a range of public health-related assays. In some other countries (e.g., Tanzania and India), a reputable central public health laboratory performs assessment of iodine content of salt as a validation/corroboration of data provided by salt manufacturers. The absence of external quality assurance service places a greater onus on existing salt iodine laboratory managers and analysts to ensure adherence to the principles of good laboratory practice. Moreover, as is the case with laboratories measuring UIC, laboratories measuring iodine content of salt must ensure the accuracy, reliability, recovery, and minimum detection limits of their methods (127, 138) . In addition, they must ensure that some sort of external reference material be analyzed on a regular basis as outlined in Supplemental Table 3 . Ideally, laboratories engaged in the measurement of iodine content should meet certain minimal specifications as outlined in Table 19 .
Interpreting iodine content in salt. The need for effective quality control and assurance programs are obvious both in terms of the public health and economic implications. In an attempt to determine the success or failures of salt iodination programs, comparisons are made on the data generated from standardized reliable quantitative tests (e.g., titration method) and accepted national cutoffs set by appropriate regulatory bodies. Such comparisons allow for determinations of both the effectiveness of the iodization process and the percentage of salt that meets the standard. Obviously, the consequences for salt that does not meet specifications loom large both in terms of public health (implications to the consuming population) and to the manufacturers who wish to avoid the additional costs that would accrue from the need to rectify an ''out-of-spec'' product batch.
In the context of quality control, 2 critical cutoffs exist at the household level, as follows:
1. Salt containing no iodine, which may include salt with iodine measured at levels just above zero due to measurement variability; for purposes such as surveys designed to determine the percentage of households using iodized salt, there may be a variation in the classification of salt as not containing iodine. In some circumstances/laboratories, salt containing <2 mg/kg is classified as salt without iodine, whereas in other laboratories salt with <5 mg/kg is classified as salt without iodine.
2. Salt defined as containing adequate levels of iodine (i.e., $15 mg/kg of iodine).
Conclusions on coverage of (adequately) iodized salt Specific technical considerations about the priority biomarkers identified by the I-EP (UIC, TSH, thyroglobulin, T4/T3, and goiter) can be found in Supplemental Table 2 . The following reflects the I-EPÕs conclusions about population-based methodologies assessing coverage of (adequately) iodized salt.
Because of its accuracy, relative ease of operation, and low cost, the titration method is recognized as the reference method recommended for assessing the iodine content of salt (122) . The I-EP endorsed the following:
d Every country with an iodized salt regulation should have $1 laboratories equipped to perform the titration method on a fairly large (>1000) number of samples. d Where salt iodization is mandatory, all salt producers should be required to routinely operate and maintain a titration laboratory or use the WYD iodine checker, iCheck IODINE (BioAnalyt), I-Reader (Mahidol University), or a similar device (132) at production sites (128) . d For small production sites, an effort should be made to have access to such a facility, provided the result can be made available within a short time. While emphasizing that titration remains the method of choice for establishing the percentage of households using salt containing at least 15 mg/kg, the I-EP recognized that the rapid test kit is also used in surveys to estimate the percentage of households using iodized salt. In such cases the I-EP suggested that a subsample of at least 10%, preferably 20%, of salt samples be sent to a laboratory for confirmatory analyses via the titration method to ensure the accuracy of coverage estimates and to validate the utility of rapid test kits.
New Directions and Technologies
Use of the EAR cut-point method. As highlighted in section the above ''Dietary assessment of iodine intake'' section of this report, the ability to assess short-and long-term iodine intake is challenged by a number of factors, including the following: variability of intake between individuals and populations, adequacy of food composition tables, and limitations of available tools to assess intake of individuals and populations. Currently, the consensus approach to establish dietary adequacy is the EAR cut-point method (139) (140) (141) (142) (143) (144) . On the basis of the population distribution of intake as opposed to single mean or median intakes, the EAR cut-point method was also recommended as the preferred method for defining optimal levels of fortification of foods (145) . With this method, the nutrient inadequacy of a group is defined as the proportion of people in a target group with usual intakes below the EAR (139) (140) (141) 146) . Adequacy is defined as 97-98% of the target group meeting the EAR.
The I-EP suggests that, in light of acceptance of UIC as the most reliable biomarker of recent iodine intake, it could be used in conjunction with the EAR cut-point method to assess the prevalence of iodine deficiency, thereby improving iodine monitoring in populations. The I-EP cautioned that this approach would need to be validated before wide application, and it identified several points of concern that would need to be addressed to establish the viability of this approach, including the following:
d Recognizing that the EAR has been used to estimate the prevalence of inadequate iodine intakes based on 24-h urine collections (5), the I-EP cautioned that the EAR cut-point method has not yet been evaluated for spot UIC collections. d Different methods need to be tested to adjust UIC distributions. d The sample size and number of repeated samples required for adjustment need to be established. d There is a need to validate the UIC distribution against 24-h urine collections, urinary iodine excretion, urine volume, body weight, and dietary intake data in populations with different iodine status. d The UIC cutoff corresponding to the EAR for different age and population groups should be defined and validated against thyroid function (technical and statistical considerations with regard to this application are highlighted in Table 20 ). Once these considerations are addressed, the I-EP concluded that this approach can be successfully implemented to define the prevalence of iodine deficiency as the proportion of the population below the EAR, from the adjusted distribution. The I-EP acknowledged the existence of several statistical methods that might be applied to adjust the population distribution of iodine intake data. These approaches were previously reviewed (152, 153) and include those proposed by the following organizations: Iowa State University (154) (155) (156) (157) (158) , the IOM (141), and the National Cancer Institute of the NIH (159-161; the National Cancer Institute approach is currently used by the CDC/National Center for Health Statistics as part of the survey in the United States) (162) . For those interested in learning more about these approaches, tutorials are available (162) (163) (164) .
Development of ''field-friendly'' and ''point-of-care'' biomarker methods. Despite the tools available, a great need still exists for functional biomarkers of thyroid status to complement the current markers of exposure and further improve clinical and population efforts to monitor iodine deficiency. An additional need is for tools that are easy to use, available, and accessible in resource-limited settings in the field.
An example of a ''field-friendly'' functional biomarker is DBS-thyroglobulin technology, which has gained a measure of acceptance with the WHO, which recommends DBS-thyroglobulin for monitoring iodine status (64) . A reference range and cutoffs for the use of DBS-thyroglobulin in monitoring iodine status (both deficiency and excess) in school-aged children are available (121) . But several questions need to be resolved before thyroglobulin can be widely adopted as a functional indicator of iodine status (see Table 21 ).
Other ''point-of-care'' methods are being developed that may prove useful in assessment of iodine status in field studies. These include rapid semiquantitative assessment of TSH on a drop of fresh blood and simplified rapid methods and/or ''dipstick'' methods for semiquantitative measurement of iodine concentrations in urine samples. The population distribution of UICs is typically skewed toward lower intakes with a scattered tail of high intakes due not only to variations in iodine intake between individuals but also to high day-to-day variability of iodine intakes for individuals in the target population d The sample size of the group takes interindividual variation into account (when properly powered) but does not account for individual day-to-day variations (147, 148) d Therefore, before UIC data from a target group can be used for this application, the UIC distribution in populations with large variations in iodine intakes must be adjusted for intraindividual variation (144, 146) d This can be done by collecting $2 repeated samples from the same individual in a subset of the study population d The information on variability obtained can then be used to correct for withinperson variation in the group (149) d This approach adjusts the observed intake distribution closer to the mean (i.e., to more closely resemble a normal intake distribution of habitual intakes) (146, 150) Advantages and additional considerations:
d The normalization of the distribution generates a prevalence estimate that is closer to the true prevalence of inadequacy d Adjustment will generally reduce the prevalence compared with noncorrected distributions, except in populations with low or homogeneous iodine intakes (140) d In populations with low iodine intake (i.e., mean intakes below the EAR), the distribution is typically skewed to lower intakes and adjustment may underestimate the prevalence d In countries with a well-functioning salt iodization program, the iodine intake is less variable and the population distribution is close to normal without correction, as observed in Swiss schoolchildren (151) d A further advantage of collecting a repeat urine sample and accounting for intraindividual variation is that the required sample size can likely be smaller than the 500 samples now recommended for population assessment (147, 148) Iodine biomarker development through ''-omics'' technologies. It is likely that rapidly developing ''-omics'' technologies will contribute a new generation of biomarkers that may be applied to iodine assessment. Micronutrient research is focusing on metabolic, genomic, metabolomics, and transcriptomic changes that indicate micronutrient malnutrition (over-/ undernutrition) or responses to micronutrient interventions in individuals and populations. Three major transitions that may further define the iodine-health relation include change in emphasis d from status biomarkers to mechanism-driven health biomarkers; d from single parameters to a biomarker profile or fingerprint; and d from a single micronutrient to function-oriented micronutrient networks/systems biology (165) . Iodine is 1 of the nutrients included in the Micronutrient Genomics Project (MGP). The MGP, 1 of the collaborating partners of the BOND project, is a community-driven collaboration intended to facilitate the development, collection, analysis, and dissemination of new data generated from studies applying the range of -omics approaches to enhance our understanding of micronutrients within relevant biologic systems. The MGP has created a public portal and open-source bioinformatics toolbox for all -omics information and evaluation of micronutrient and health studies. The core of the project focuses on access to, and visualization of, genetic/genomic, transcriptomic, proteomic, and metabolomics information related to micronutrients (166).
Sequencing technology is developing rapidly and offers the capacity to look at large numbers of genes to analyze for new sequence variants. The MGP has developed a list of genes for each micronutrient either in the pathway used for metabolizing the micronutrient or in regulating those pathway genes (i.e., networks of genes involved with each micronutrient) that could be used to screen for micronutrient-related genetic variations. This would allow the MGP to analyze the genetic variation in different ancestral populations by using targeted resequencing. The list of genes included for iodine is shown in Supplemental Table 4 .
Research Needs
Despite much success in the global efforts to control and eliminate iodine deficiency, including the elimination of severe deficiency and endemic goiter in most countries, mild to moderate iodine deficiency continues to affect 32 countries, more than half of them in the industrialized world. Where efforts have succeeded, ensuring sustainability of those efforts becomes a high priority requiring regular surveillance and vigilance to ensure the adequacy of salt iodine content. Conversely, as salt iodization efforts become more commonplace and effective, attention must be paid to the potential for excess iodine intakes and consequent health effects.
Each of these trends highlights the need for greater efforts to develop and implement accurate and reliable biomarkers to monitor iodine status. Yet, as highlighted in this report, current assessment methods are limited. To address this limitation, the I-EP has offered the following suggested research priorities: 
